
e- m - 0 .  b 

1 h ' T  b 

B E L L C O M M .  I N C .  
955 L'ENFANT PLAZA NORTH, S.W. WASHINGTON, D. C. 20024 B 7 0  08025  

SUBJECT: Comparison of Advanced P ropu l s ion  DATE: August 12, 1970 
Stages  - C a s e  103-8 

FROM: C.  S .  R a l l  

ABSTRACT 

Three v a r i a b l e - s i z e ,  r e u s a b l e ,  in-space p ropu l s ion  
s t a g e s  are compared on t h e  b a s i s  of how much p r o p e l l a n t  each 
r e q u i r e s  t o  perform a v a r i e t y  of s p e c i f i e d  miss ions .  They 
are assumed t o  o p e r a t e  from low E a r t h  o r b i t  and r e t u r n  t h e r e  
f o r  r euse .  With a few s p e c i f i c  excep t ions ,  complete r e u s a -  
b i l i t y  f o r  all systems is maintained.  The t h r e e  s t a g e s  a r e  
a L02/LH2 chemical system, a r eusab le  n u c l e a r  s t a g e  (RNS) 

u s i n g  a s o l i d - c o r e  NERVA engine,  and a n  open-cycle gas  c o r e  
n u c l e a r  system. The d i f f e r e n c e s  among t h e  t h r e e  systems i n  
t h e  order given a r e  due t o  i n c r e a s i n g  i n e r t  weights  and in-  
c r e a s i n g  s p e c i f i c  impulses .  

1 

On t h e  b a s i s  of t h e  assumed s t a g e  c h a r a c t e r i s t i c s ,  
each of  t h e  t h r e e  systems has  a range of miss ions  f o r  which 
i t  uses  t h e  least  p r o p e l l a n t .  
payload d e l i v e r y  miss ions  ( w i t h  ze ro  r e t u r n  payload)  t o  l o w  
c i r c u l a r  l u n a r  o r b i t  are most e f f i c i e n t l y  performed by a 
chemical  system i f  t h e  payload i s  less than  about  1 0  o r  20 
K l b ,  by a s o l i d  co re  n u c l e a r  s t a g e  f o r  payloads between 20  
Klb and 130 Klb, and by a gas  core s t a g e  i f  t h e  payload i s  
g r e a t e r  t han  about  130 Klb. The chemical system g e n e r a l l y  
i s  a p p l i c a b l e  t o  low v e l o c i t y  and l o w  payload m i s s i o n s .  The 
s o l i d  c o r e  n u c l e a r  system uses  t h e  l ea s t  p r o p e l l a n t  f o r  a 
range  of l u n a r  o r b i t  and synchronous Ea r th  o r b i t  miss ions ,  
wh i l e  a gas c o r e  system uses  t h e  l eas t  p r o p e l l a n t  f o r  manned 
p l a n e t a r y  miss ions .  Maximum p r o p e l l a n t  c a p a c i t i e s  a t  which 
chemical  and s o l i d  co re  system u s e  t h e  least  p r o p e l l a n t  are 
about  1 0 0  and 250 Klb, r e s p e c t i v e l y .  These maximum c a p a c i t i e s  
are i n s e n s i t i v e  t o  how payload i s  d i s t r i b u t e d  between t h e  out -  
bound and r e t u r n  payloads.  P r a c t i c a l i t y  and s e n s i t i v i t i e s  t o  
s t a g e  parameters  are n o t  considered i n  o b t a i n i n g  t h e s e  a p p l i -  
c a b l e  payloads and p r o p e l l a n t  c a p a c i t i e s .  

I n  t e r m s  of p r o p e l l a n t  r e q u i r e d ,  

Staged modes f o r  t h e  chemical system extend  t h e  
.-.- payload-ve loc i ty  r eg ion  i n  which i t  uses  t h e  l eas t  propel -  

l a n t  t o  h ighe r  miss ion  v e l o c i t i e s .  I n  c o n t r a s t ,  s t a g e d  

f o r  t h e  n u c l e a r  systems due t o  t h e i r  l a r g e ,  f i x e d ,  i n e r t  
modes do n o t  i n c r e a s e  t h e  r e g i o n  of l e a s t  p r o p e l l a n t  usage . \  
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INTRODUCTION 

Comparisons of t h e  performance of advanced, con- 
c e p t u a l  p ropu l s ion  s t a g e s  have been c a r r i e d  o u t  on t h e  b a s i s  

of d i f f e r e n t  performance ind ices .  A s  i n d i c a t e d  by Casa l ,  1 
t o t a l  c o s t  i s  t h e  d e s i r e d  performance index;  b u t  it i s  very  
d i f f i c u l t  t o  p r e d i c t  w i th  reasonable  accuracy,  p a r t i c u l a r l y  
f o r  concep tua l  systems. Therefore ,  a performance index  i s  
used which i s  expec ted  t o  be c l o s e l y  r e l a t e d  t o  cost. Be-  
cause  it r e f l e c t s  t h e  c o s t  of g e t t i n g  an in-space  s t a g e  i n t o  
space  as w e l l  as t h e  c o s t  of manufacture, t h e  i n i t i a l  m a s s  
of a non-reusable  system d e l i v e r i n g  a g iven  payload t o  a 
given AV has  u s u a l l y  been used as t h e  index  of performance. 

Casa l  and Schaupp, f o r  example, use  t h i s  index. The 
i n i t i a l  mass i s  a poor index f o r  a r e u s a b l e ,  in-space 
system, s i n c e  t h e  t r a n s p o r t a t i o n  costs of: p r o p e l l a n t  t o  
o r b i t  are of major importance,  Therefore ,  t h e  p r o p e l l a n t  
r e q u i r e d  p e r  m i s s i o n  i s  t h e  performance index  used he re .  

2 

Three conceptua l  systems are compared i n  t h i s  
memorandum. These a r e  a L02/LH2 chemical system, a s o l i d  
c o r e  n u c l e a r  o r  NERVA system, and a gas  core system. The 
n u c l e a r  systems,  of course, use LH2 as p r o p e l l a n t .  
system i s  rubbe r i zed  or s i z e d  t o  t h e  job  expec ted  of it 
accord ing  t o  a s c a l i n g  l a w .  The comparison i s  c a r r i e d  
o u t  by d i v i d i n g  a p l o t  of one-way AV v e r s u s  t h e  d i s c r e -  
t i o n a r y  payload i n t o  r eg ions  i n  which each system uses  
t h e  least  p r o p e l l a n t .  These reg ions  are dependent on 
t h e  s p e c i f i c  impulses and t h e  s c a l i n g  l a w s  assumed. I t  
i s  conce ivable  t h a t  w i t h  o t h e r  s c a l i n g  l a w s  and s p e c i f i c  
impulses  a r eg ion  of l e a s t  f u e l  consumption could be 
g r e a t l y  reduced i n  s i z e  o r  even e l imina ted .  

Each 
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OPERATING MODES 

The o p e r a t i n g  modes of a r e u s a b l e  s t a g e  can be much 
more complicated than  those  of a d i s p o s a b l e  i n j e c t i o n  s t a g e  
due t o  a d d i t i o n a l  miss ion  ope ra t ions .  R e u s a b i l i t y  r e q u i r e s  
t h a t  t h e  s t a g e  r e t u r n  t o  low Earth o r b i t  f o r  r e f u e l i n g  and 
t h e  a t tachment  of t h e  next  payload or payloads.  

A miss ion  i s  assumed t o  consis t  of t w o  l egs :  an  
outbound l e g  and a r e t u r n  leg. Each l e g  i s  assumed t o  r e q u i r e  
h a l f  of t h e  t o t a l  AV of t h e  mission.  Half way through t h e  
miss ion ,  a t  t h e  end of t h e  outbound l e g ,  payload may be dropped. 
A d d i t i o n a l  payload may be c a r r i e d  f o r  t h e  e n t i r e  round t r i p .  
This  miss ion  p r o f i l e  i s  very  gene ra l ,  because it can be rep- 
r e s e n t a t i v e  of miss ions  between low Ear th  o r b i t  and h igh  
E a r t h  o r b i t ,  of round- t r ip  missions t o  t h e  Moon or t h e  
p l a n e t s ,  and of t r a n s p l a n e t a r y  i n j e c t i o n  miss ions  i n  which 
payload i s  a c c e l e r a t e d  t o  a d e s i r e d  i n j e c t i o n  v e l o c i t y  a f t e r  
which t h e  i n j e c t i o n  s t a g e  i s  r e tu rned  t o  l o w  E a r t h  o r b i t .  
One should  n o t e  t h a t  no th ing  is assumed about  t h e  t o t a l  
number of engine  burns i n  t h e  m i s s i o n ;  on ly  t h e  h a l f  and 
h a l f  d i s t r i b u t i o n  of t h e  mission AV is  supposed. 

I n  t h i s  memorandum, t h r e e  d i f f e r e n t  d i s t r i b u t i o n s  
of payload are allowed. The f irst  d i s t r i b u t i o n  i s  a payload 
d e l i v e r y  miss ion  i n  which a l l  of t h e  payload i s  d e l i v e r e d  t o  
t h e  one-way AV ( h a l f  of t h e  t o t a l  AV);  no payload is  re tu rned .  
Such a payload d e l i v e r y  mission i s  what would be used t o  
launch a s p a c e c r a f t  on i t s  way t o  a n o t h e r  p l a n e t  or t o  de- 
l i v e r  material  t o  l u n a r  o r b i t .  The second d i s t r i b u t i o n  of 
payload adds an a d d i t i o n a l  round- t r ip  payload of 20  Klb t o  
t h e  payload d e l i v e r e d  t o  t h e  one-way AV. 20 Klb could very 
w e l l  r e p r e s e n t  a c r e w  capsu le .  The t h i r d  d i s t r i b u t i o n  drops 
of f  no payload a t  t h e  one-way AV p o i n t  b u t  i n s t e a d  carr ies  
t h e  e n t i r e  payload through the  complete mission.  This l a s t  
miss ion  i s  a l s o  c h a r a c t e r i s t i c  of u s ing  t h e  s t a g e  i n  a d i s -  
posab le  f a s h i o n  wherein t h e  s t a g e  d e l i v e r s  t h e  payload t o  
t w i c e  t h e  one-way AV. 

X W L  l3-w mrr-C LLLWDI- W L  n G  tk- L A A S  - 1 h 4 - C  y & w L a  =f t h i s  mcazrandum, the 
use  of  one s t a g e  f o r  each system i s  assumed. However, 
s t a g e d  modes are a l s o  considered f o r  t h e  chemical  and 
t h e  s o l i d  c o r e  p ropu l s ion  systems. The use  of one stage 
only  i s  c a l l e d  he re  t h e  Standard Mode and i s  i n d i c a t e d  
by t h e  f i r s t  s k e t c h  i n  F igu re  1. The less complex 
s t a g e d  mode cons idered  i s  known a s  Mode A a f t e r  work 
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performed by S k e e r  f o r  Reference 3 ,  and i s  i n d i c a t e d  by t h e  
second s k e t c h  i n  F igure  1. Two e q u a l  s t a g e s  a r e  used w i t h  
t h i s  mode. The f i r s t  s t a g e  d e l i v e r s  t h e  second s t a g e  and 
t h e  p a y l o a d ( s )  t o  t h e  s t a g i n g  v e l o c i t y  and r e t u r n s  t o  l o w  
E a r t h  o r b i t ,  d e p l e t e d  of p r o p e l l a n t .  The second s t a g e  
d e l i v e r s  t h e  one-way payload t o  t h e  one-way AV and r e t u r n s  
t o  l o w  E a r t h  o r b i t  w i th  t h e  round- t r ip  payload. Mode B ,  
a l s o  a f t e r  S k e e r ' s  work i n  Reference 3 ,  i s  t h e  more com- 
p l e x  s t a g e d  mode cons idered  and is  i n d i c a t e d  by t h e  t h i r d  
s k e t c h  i n  F igu re  1. I t  i s  similar t o  Mode A w i t h  t h e  
a d d i t i o n  t h a t  t h e  r e f u e l e d  f i r s t  s t a g e  or  a t h i r d  equa l  
s t a g e  goes o u t  t o  r e t r i e v e  t h e  empty second s t a g e  and any 
round- t r ip  payload. The s t a g i n g  p o i n t  between t h e  second 
and t h i r d  s t a g e s  must be less  than  t h e  one-way AV; t o  m e e t  
t h i s  Mode B requirement  a t  low AV's and low round- t r ip  
payloads ,  t h e  t h i r d  s t a g e  (or r e f u e l e d  f i r s t  s t a g e )  
p r o p e l l a n t  must be  o f f loaded .  

GRAVITY LOSS 

Gravi ty  loss, which is  due t o  f i n i t e  t h r u s t  
l e v e l s  on t h e  s t a g e s  considered,  i s  n o t  d i r e c t l y  c a l c u l a t e d  
i n  t h i s  memorandum. Accurate computation of t h e  g r a v i t y  
loss, of cour se ,  r e q u i r e s  a s p e c i f i c  miss ion  and numerical  
i n t e g r a t i o n  of t h e  va r ious  t h r u s t i n g  p e r i o d s  i n  it. 

For t h i s  i n v e s t i g a t i o n ,  concern wi th  g r a v i t y  l o s s  
i s  r e s t r i c t e d  t o  d i f f e r e n c e s  i n  t h e  losses a s s o c i a t e d  w i t h  
t h e  d i f f e r e n t  systems. They a r e  expected t o  be a s m a l l  
p a r t  of t h e  t o t a l  AV r e q u i r e d  f o r  m o s t  miss ions .  I t  i s  
a lso a n t i c i p a t e d  t h a t  a t  p o i n t s  of comparison, t h e  NERVA 
system (us ing  a s i n g l e  engine)  w i l l  have t h e  l o w e s t  i n i t i a l  
t h r u s t  t o  weight  and hence the  h i g h e s t  g r a v i t y  l o s s  of any 
of t h e  t h r e e  systems. To maintain s m a l l  g r a v i t y  losses, a 
chemical  p ropu l s ion  system would e i t h e r  i n c r e a s e  engine  
t h r u s t  o r  t h e  number of engines .  With t h e  s m a l l  s t a g e s  
and payloads cons idered  f o r  t h e  gas  c o r e  a t  p o i n t s  of 
comparison w i t h  t h e  s o l i d  core ,  t h e  assumed gas  core 
t h r u s t  of about  300 or 400 Klb r e s u l t s  i n  high t h r u s t  
'to weignt  ra t ios  and siiiaii g rav i ty  IGSSZS. Large ~ Z S  

core s t a g e s ,  however, would have l a r g e  g r a v i t y  l o s s e s  
due t o  lower t h r u s t  t o  weight  ra t ios .  
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A method of p e n a l i z i n g  t h e  NERVA s t a g e  f o r  i t s  
expec ted  h ighe r  g r a v i t y  l o s s e s  a t  p o i n t s  of comparison wi th  
t h e  o t h e r  s y s t e m s  i s  t o  add some s m a l l  percentage  t o  t h e  AV 
r equ i r ed .  This  has  t h e  same e f f e c t  as reducing  t h e  s p e c i f i c  
impulse by t h e  same sma l l  percentage.  The sma l l  pe rcen tage  

used by Johnson and Skeer’ t o  p e n a l i z e  a NERVA s t a g e  on a 
l u n a r  miss ion  i s  only about  28. The  only account  t aken  of 
g r a v i t y  loss i n  t h i s  memorandum i s  t o  set  t h e  NERVA s p e c i f i c  
impulse a t  a lower v a l u e  (825  sec) than  might be  expec ted  
f o r  t h e  t i m e  f r a m e  of i n t e r e s t .  T h i s  p e n a l t y  is  r easonab le  
if m o s t  of t h e  t h r u s t i n g  pe r iods  occur  i n  s t r o n g  g r a v i t y  
f i e l d s  such as n e a r  t h e  E a r t h  ( t h a t  i s ,  f o r  miss ion  depar- 
t u r e  and r e t u r n ) .  

SCALING LAWS 

S c a l i n g  l a w s  are chosen f o r  t h e  three r e u s a b l e  
s y s t e m s  on t h e  b a s i s  of s e v e r a l  des ign  s t u d i e s .  These 
r e l a t i o n s h i p s  d e f i n e  t h e  t o t a l  i n e r t  weight  and t h e  t o t a l  
weight  of t h e  s t a g e  a s  a func t ion  of t h e  p r o p e l l a n t  c a r r i e d  
by t h e  s t a g e .  The t h r e e  s c a l i n g  l a w s  are i n d i c a t e d  i n  
F i g u r e  2 by p l o t s  of t h e  s t a g e  i n e r t  weight  a s  a f u n c t i o n  
of t h e  u s a b l e  p r o p e l l a n t  c a r r i e d .  

For each system, the  i n e r t  weight  i nc ludes  tankage 
and s t r u c t u r e ,  an engine,  a meteoroid s h i e l d ,  thermal  i n -  
s u l a t i o n ,  unusable  p r o p e l l a n t  r e s i d u a l s ,  and a r a d i a t i o n  
s h i e l d  f o r  t h e  nuc lea r  s t a g e s .  For a given p r o p e l l a n t  
weight ,  a h ighe r  i n e r t  w e i g h t  i s  expected f o r  t h e  r e u s a b l e  
s t a g e s  cons idered  h e r e  than  f o r  an  i n j e c t i o n  s t a g e ,  because 
of t h e  requirements  f o r  a meteoroid s h i e l d  and the rma l  
p r o t e c t i o n  f o r  in-space s t o r a g e  c a p a b i l i t y .  A r e u s a b l e  
engine  might a l s o  be somewhat h e a v i e r  t h a n  a non-reusable  
one. R e u s a b i l i t y  may r e q u i r e  a somewhat l a r g e r  r a d i a t i o n  
s h i e l d  on t h e  n u c l e a r  s t a g e s  than  would o therwise  be 
r e q u i r e d .  

The chemical,  cryogenic  s t a g e  i s  f u e l e d  w i t h  
l i q u i d  hydrogen and l i q u i d  oxygen and has  a s p e c i f i c  
impulse of 460  sec. 
i s  assumed t o  be given by 

Wi ,  t h e  i n e r t  weight  of t h e  s t a g e ,  

Wi = 0.15 W P 
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where W i s  t h e  mass of t h e  p r o p e l l a n t .  This  s c a l i n g  l a w  
g i v e s  a c o n s t a n t  mass f r a c t i o n  X of 0.87. Reference 3 ,  a 
s tudy  of  t h e  S I V B  f o r  mod i f i ca t ion  as a r e u s a b l e ,  in-space 
s t a g e ,  c o n t a i n s  t h e  d a t a  f o r  t h e  s m a l l  a r e a  l a b e l e d  by a 
1 i n  F igu re  2. The b a s i c ,  unmodified S I V B  s t a g e  i n e r t  
weight  c o n t r i b u t e s  about  0 . 1 2 2  W t o  t h e  above amount. 
C a l c u l a t i o n s  based on t h e  s tudy by Johnson and Skeer  
i n d i c a t e  t h a t  i f  a meteoroid s h i e l d  weight  of 0.013 W 

P 
i s  al lowed,  t hen  i t  may be p o s s i b l e  t o  p rov ide  5 y e a r s  
p r o t e c t i o n  w i t h  a p r o b a b i l i t y  of no p e n e t r a t i o n s  equa l  t o  
0 .99 .  These numbers assume an E a r t h  o r  l u n a r  o r b i t  envi-  
ronment and an advanced bumper des ign  (bumper f a c t o r  of 1 3 ) .  
A less o p t i m i s t i c  f a c t o r  would mean t h a t  t h e  same p r o b a b i l i t y  
of no p e n e t r a t i o n s  could be supp l i ed  f o r  fewer y e a r s .  

P 

P 4 

The NERVA s t a g e  i s  assumed t o  be  f u e l e d  by l i q u i d  
hydrogen and t o  have a s p e c i f i c  impulse of 825 sec, a v a l u e  
t h a t  i s  ach ievab le  now. Higher s p e c i f i c  impulses  may be 
expec ted  i n  t h e  f u t u r e ,  b u t  825 sec i s  used h e r e  t o  com-  
p e n s a t e  f o r  g r a v i t y  l o s s e s .  S tage  i n e r t  weight  i s  assumed 
t o  be given by 

Wi = 50 Klb + 0 . 1 5  W 
P 

The m a s s  f r a c t i o n  X of t h i s  s t a g e  i s  n o t  c o n s t a n t  because 
of t h e  c o n s t a n t  i n  Equation 2 .  Areas l a b e l e d  by t h e  num- 
erals 2 ,  3 ,  and 4 i n  F igure  2 i n d i c a t e  t h e  range of weights  
determined by Lockheed Missiles and Space Company, McDonnell 

Douglas, and N o r t h  American Rockwell’ r e s p e c t i v e l y .  These 
s t u d i e s  ’ inc luded  meteoroid and thermal  p r o t e c t i o n ,  b u t  t h e  
r a d i a t i o n  p r o t e c t i o n  inc luded  i s  probably inadequate ,  and 
a d d i t i o n a l  r a d i a t i o n  s h i e l d  weight might reasonably be 

s t a g e ,  a meteoroid s h i e l d  weighing 0.065 W i s  inc luded  
i n  t h e  equa t ion  above. The l a r g e r  weight  r e q u i r e d  f o r  t h e  
RNS meteoroid s h i e l d  i s  due t o  t h e  l o w  d e n s i t y  and corres- 
pondingly l a r g e  volume of hydrogen f u e l  as compared wi th  
t h e  d e n s i t y  and volume of t h e  chemical system p r o p e l l a n t s .  

expected. K i th  t h e  csme IrcLt”;?nfi~n= r ------ a s  fer the chemical 

P 
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The gas  core nuc lea r  s t a g e  i s  assumed t o  have a 
s p e c i f i c  impulse of 1800  sec. A r easonab le  e s t i m a t e  f o r  
t h e  weight  of t h e  gas  co re  engine i s  300 Klb f o r  a t h r u s t  
of about  300 o r  400  Klb according t o  Ragsdale .4  
f i x e d  gas  core engine s i z e  i s  assumed, because a l though it 
i s  b e l i e v e d  p o s s i b l e  t o  b u i l d  one wi th  a lower t h r u s t ,  it 
does n o t  appear  f e a s i b l e  t o  b u i l d  a h igh  I open-cycle 
gas  core engine t h a t  weighs much less. The i n e r t  weiqht  

The l a r g e ,  

SP 

of t h e  gas  core s t a g e  

- wi - 

i s  taken  a s  

325 Klb t 0.15 W 
P 

STANDARD MODE RESULTS 

F igures  3 ,  4 ,  and 5 d i v i d e  t h e  p l o t  of AV v e r s u s  
d i s c r e t i o n a r y  payload i n t o  reg ions  i n  which each of t h e  
t h r e e  systems i s  "best" i n  terms of t h e  l eas t  f u e l  used. 
A t  each p o i n t  on a boundary between two r e g i o n s ,  each 
system ( a c c u r a t e l y  s i z e d )  can perform t h e  m i s s i o n  f o r  t h e  
s a m e  amount of p r o p e l l a n t .  I n  each of t h e  t h r e e  r eg ions ,  
d o t t e d  l i n e s  of c o n s t a n t  p r o p e l l a n t  q u a n t i t y  i n d i c a t e  t h e  
performance of t h e  given s i z e  s t a g e .  The numbers i n d i c a t e  
thousands of pounds of p r o p e l l a n t .  I n e r t  weight  and hence 
t h e  t o t a l  m a s s  of a s t a g e  w i t h  a g iven  p r o p e l l a n t  q u a n t i t y  
may be  determined from t h e  s c a l i n g  laws given i n  F igu re  2 
o r  Equat ions (1) - ( 3 )  . 

Three d i f f e r e n t  f i g u r e s  are necessary  because 
of  t h e  t h r e e  d i f f e r e n t  ways used h e r e  t o  d e f i n e  t h e  d i s -  
c r e t i o n a r y  payload i n d i c a t e d  by t h e  v e r t i c a l  scale. I n  
F igu re  3, t h e  d i s c r e t i o n a r y  payload i s  c a r r i e d  one way, 
and no payload i s  c a r r i e d  on t h e  r e t u r n  t r i p .  Discre- 
t i o n a r y  payload i s  a l s o  c a r r i e d  one way, i n  F igure  4; 
hut 20 Klb ( i n  a d d i t i o n  t o  the  d i s c r e t i o n a r y  payload) 
i s  c a r r i e d  f o r  t h e  round- t r ip .  I n  F igu re  5 t h e  v a r i a b l e  
payload i s  carried f o r  t h e  round- t r ip ;  zero  a d d i t i o n a l  
payload i s  c a r r i e d  on t h e  outbound l e g .  Each p o i n t  i n  
t h e  f i g u r e s  d e f i n e s  a m i s s i o n  i n  t e r m s  of t h e  one-way 
AV, t h e  one-way payload, and t h e  round- t r ip  payload. 
Only t h e  S tandard  Mode w a s  assumed i n  d e f i n i n g  t h e  
r eg ions  i n  F igures  3 through 5. 
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Ranges of A V ' s  f o r  s e v e r a l  r e p r e s e n t a t i v e  mis s ions  
a r e  shown by b a r s  a t  t h e  bottom of each of F igu res  3 through 
8. The b a r s  are p r e s e n t e d  f o r  purposes  of comparison, b u t  
t h e  p l o t s  are g e n e r a l  and assume l i t t l e  about  t h e  mission 
performed. The bars assume t h a t  t h e  v e h i c l e  starts i n  l o w  
c i r c u l a r  Ea r th  o r b i t  ( L E O ) ,  a c c e l e r a t e s  t o  t h e  AV s p e c i f i e d  
i n  one or  more burns of t h e  engine,  may or may n o t  drop 
payload,  and then  accelerates through t h e  same AV, u s u a l l y  
t o  r e t u r n  t o  LEO wi th  o r  without  payload.  A l l  v e h i c l e s  are 
r e t u r n e d  empty t o  LEO f o r  r e f u e l i n g  and r e u s e ,  excep t  f o r  
t h e  t r a n s p l a n e t a r y  i n j e c t i o n  missions of F igu re  5 where 
t h e  v e h i c l e  is  d isposed  of a f t e r  use .  The A V ' s  i n d i c a t e d  
by t h e  b a r s  w e r e  ob ta ined  from References 9 through 1 3 .  

The lower end of t h e  b a r  f o r  t h e  l u n a r  o r b i t  
miss ions  assumes t h e  l u n a r  o r b i t  t o  be a h igh ly  e c c e n t r i c ,  
2 4  hour pe r iod ,  low p e r i a p s e  o r b i t  about  t h e  Moon, wh i l e  
t h e  upper end of t h e  bar assumes a miss ion  t o  a low cir-  
c u l a r  l u n a r  o r b i t .  L i t t l e  AV is assumed i n  t h i s  b a r  f o r  
p l ane  change.* However, l a r g e  p l ane  changes a r e  p o s s i b l e  
a t  t h e  moon o r  a t  t h e  Ea r th  f o r  s m a l l  A V ' s  by making t h e  
p l ane  changes i n  a h igh ly  eccentric o r b i t . 1 4  
p l a n e s ,  a v e h i c l e  can be maneuvered i n t o  a low c i r c u l a r  
o r b i t  about  t h e  Moon. Payload d e l i v e r e d  t o  l u n a r  o r b i t  
might be expected t o  i n c l u d e  luna r  s u r f a c e  payload and a 
l u n a r  l ande r  or f u e l  f o r  a l a n d e r  t h a t  i s  a l r e a d y  i n  l u n a r  
o r b i t .  

A f t e r  changing 

The synchronous o r b i t  miss ions  i n d i c a t e d  t a k e  
p l a c e  between LEO and synchronous Ea r th  o r b i t .  The 
v a r i a t i o n  i n  AV i n d i c a t e d  by t h e  bar i s  due t o  d i f f e r -  
ences  i n  i n c l i n a t i o n  (of O o  t o  45O) between synchronous 
o r b i t  and LEO. 

P l a n e t a r y  i n j e c t i o n  missions invo lve  launching 
a payload on to  a t ra jec tory  t o  ano the r  p l a n e t  and then  
immediately r e t r o f i r i n g  t o  remain captured  a t  Ea r th .  
Such a mission may invo lve  s e v e r a l  i n t e r m e d i a t e  e l l i p -  
t i c a l  o r b i t s  du r ing  launch from LEO and r e t r i e v a l  of 
~ i i e  s i d g e  Ldck i n t o  LEG i r i  urcier LO keep tile g r a v i t y  

losses smal l .  l5 V a r i a t i o n  i n  i n j e c t i o n  A V ' s  t o  Mars 
a r e  due p r i m a r i l y  t o  var ia t ions w i t h  t h e  y e a r  of t h e  
oppor tun i ty .  V a r i a t i o n  i n  i n j e c t i o n  AV t o  J u p i t e r  i s  

1 1  

*The upper end of the  b a r  allows 1 . 4  Kf t / s ec  
f o r  p l ane  change, g r a v i t y  loss,  and a somewhat f a s t e r  
Earth-Moon t r i p ,  whi le  t h e  lower end of t h e  b a r  a l lows  
none of t hese .  N o  p l ane  change impuls ive  t ransfer  be- 
tween a 2 4  h r  e l l i p s e  and a low c i r c u l a r  o r b i t  a t  t h e  
Moon accounts  f o r  1 . 8  Kf t / sec .  
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due p r i m a r i l y  t o  t h e  l e n g t h  of t i m e  al lowed f o r  i n t e r p l a n e t a r y  
passage.  The payload f o r  manned p l a n e t a r y  miss ions  would in-  
c l u d e  probes,  a miss ion  module f o r  t h e  crew, l a n d e r s ,  and 
p ropu l s ion  s t a g e s  f o r  t h e  remainder of t h e  miss ion  fo l lowing  
t r a n s p l a n e t a r y  i n j e c t i o n .  

N o  payload i s  c a r r i e d  round- t r ip  on p l a n e t a r y  
i n j e c t i o n  miss ions ;  t h e  purpose of t h e  r e t u r n  l e g  i s  t h e  
r e t r i e v a l  of t h e  s t a g e .  F igure  3 a p p l i e s  t o  such miss ions .  
F igu re  5, which c o n s i d e r s  a l l  of t h e  payload t o  be c a r r i e d  
f o r  t h e  round- t r ip ,  i s  u n r e a l i s t i c  f o r  t r a n s p l a n e t a r y  
i n j e c t i o n  miss ions .  I t  can be made meaningful,  however, 
i f  t h e  v e h i c l e  i s  t o  be used i n  a d i s p o s a b l e  mode. (Even 
a r e u s a b l e  v e h i c l e  may be d i sca rded  a f t e r  t h e  l a s t  miss ion  
of i t s  u s e f u l  l i f e . )  I n  t h i s  mode t h e  v e h i c l e  accelerates 
i t s e l f  and t h e  payload t o  t h e  d e s i r e d  v e l o c i t y  ( t w i c e  t h e  
one-way AV) and is  then  abandoned; it does n o t  r e t u r n  t o  
LEO. Therefore  i n  F igure  5,  t he  A V ' s  i n d i c a t e d  by t h e  
t r a n s p l a n e t a r y  i n j e c t i o n  bars have been halved,  as c o m -  
pared  wi th  t h o s e  i n  F igu re  3 .  

Each of t h e  t h r e e  s y s t e m s  has  s o m e  degree  of 
a p p l i c a b i l i t y  t o  l u n a r  and synchronous o r b i t  miss ions .  
On miss ions  t o  l o w  c i r c u l a r  l una r  o r b i t  and zero-plane- 
change synchronous o r b i t  miss ions ,  t h e  chemical system 
r e q u i r e s  t h e  l e a s t  p r o p e l l a n t  t o  d e l i v e r  payloads less 
t h a n  10-20  Klb. A chemical s y s t e m  uses  less p r o p e l l a n t  
t h a n  n u c l e a r  systems on h ighly  eccentric l u n a r  o r b i t  
m i s s i o n s  f o r  one-way payloads up t o  50 Klb o r  round- 
t r i p  payloads up t o  14 Klb. The chemical s t a g e  s i z e  
corresponding t o  t h e s e  payloads has  a c a p a c i t y  of 
s l i g h t l y  over  1 0 0  Klb of p r o p e l l a n t .  

On m i s s i o n s  t o  l o w  l u n a r  o r b i t  and zero-plane- 
change synchronous o r b i t  missions t h e  s o l i d  core system 
uses  less p r o p e l l a n t  t han  t h e  gas  c o r e  system f o r  one- 
way payloads up t o  1 3 0  Klb and round- t r ip  payloads up t o  
50  K l b .  The p r o p e l l a n t  capac i ty  f o r  t h e  NERVA s t a g e  
c a r r y i n g  t h e s e  payloads i s  about 250  K l b .  

Lunar and synchronous o r b i t  miss ions  r e q u i r i n g  
l a r g e r  payloads a r e  performed m o s t  e f f i c i e n t l y  by a gas  core 
s t a g e .  

Transplane tary  i n j e c t i o n  miss ions  can a lso make 
e f f e c t i v e  use  of each of t h e  t h r e e  systems. A chemical 
system r e q u i r e s  t h e  least  p r o p e l l a n t  t o  i n j e c t  up t o  1 0  
t o  4 0  Klb (depending on y e a r  of oppor tun i ty )  through 
t r a n s p l a n e t a r y  i n j e c t i o n  on low energy miss ions  t o  t h e  
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near  p l a n e t s .  I n  t h e  d i sposab le  mode, l o w  energy t r a n s f e r s  
t o  J u p i t e r  and d i f f i c u l t  missions t o  t h e  n e a r  p l a n e t s  are 
accomplished best by t h e  chemical system f o r  payloads up 
t o  1 0  o r  15  K l b .  I n  t h e  r eusab le  mode, t h e  s o l i d  core 
system can be used t o  advantage f o r  l o w  energy t r a n s p l a n e t a r y  
i n j e c t i o n s  of up t o  about  160  Klb t o  t h e  n e a r  p l a n e t s .  
s t a g e  corresponds t o  abou t  250  K l b  p r o p e l l a n t ;  when used i n  
t h e  d i s p o s a b l e  mode i t  can i n j e c t  about  310 K l b  of payload.  

This  

The optimum miss ions  f o r  t h e  chemical system are 
c h a r a c t e r i s t i c  of unmanned miss ions ,  c o n s i d e r i n g  t h e  range 
of payloads ( less than  1 0  - 40  K l b ) .  Optimum miss ions  for  
t h e  s o l i d  c o r e  system r e p r e s e n t  very  ambi t ious  unmanned 
miss ions .  
g r e a t e r  than  200  Klb are  c h a r a c t e r i s t i c  of manned miss ions  
and are best d e l i v e r e d  by a gas core system. 

Large t r a n s p l a n e t a r y  i n j e c t i o n  payloads of 

For a given amount of p r o p e l l a n t  and a given AV, 
t h e  cho ice  of t h e  type  of propuls ion  i s  g e n e r a l l y  independent  
of t h e  d i s t r i b u t i o n  between one-way and r o u n d - t r i p  payloads.  
This  f a c t  i s  e v i d e n t  from Figures  3-5 because t h e  i n t e r s e c -  
t i o n  of a p r o p e l l a n t  curve  ( s i g n i f y i n g  a g iven  s t a g e  s i z e )  
w i th  a boundary curve  (between r eg ions  of l eas t  p r o p e l l a n t  
usage)  always occur s  a t  about  t h e  same AV r e g a r d l e s s  of 
t h e  d i f f e r e n t  payload d i s t r i b u t i o n s .  

RESULTS I N  MODES A AND B 

F igu res  6 and 7 compare t h e  chemical and s o l i d  
core systems when t h e  chemica l  system i s  ope ra t ed  i n  Modes 
A and B r e s p e c t i v e l y ,  whi le  t h e  RNS o p e r a t e s  only  i n  t h e  
S tandard  Mode. The payload d i s t r i b u t i o n  used i s  t h e  same 
as t h a t  i n  F igu re  4 (variable one-way p l u s  20 Klb round- 
t r i p ) ;  and t h e r e f o r e ,  F igures  6 and 7 should be compared 
wi th  F igu re  4 t o  determine t h e  e f f e c t  of u s i n g  t h e  d i f -  
f e r e n t  modes. The l i n e s  of cons t an t  p r o p e l l a n t  q u a n t i t y  
g iven  i n ' F i g u r e s  6 and 7 r e q u i r e  some exp lana t ion .  They 
refer t o  t h e  t o t a l  p r o p e l l a n t  used f o r  t h e  mission.  
(Note t h a t  they  never  r e f e r  t o  t he  gas  core system.)  
For tl?e chemicil sys tem used ir! Mnde Ai the m i a n t i t v  nf 
p r o p e l l a n t  i n d i c a t e d  by a dotted l i n e  (benea th  t h e  chemi- 
c a l - s o l i d  core boundary) m u s t  be d iv ided  by two i n  o r d e r  
t o  o b t a i n  t h e  p r o p e l l a n t  capac i ty  of each of t h e  two 
i d e n t i c a l  chemical s t a g e s  used. I n  l i k e  manner, t h e  
p r o p e l l a n t  i n d i c a t e d  f o r  t h e  chemical system i n  Mode B 
must be d iv ided  by t h r e e  t o  ob ta in  t h e  c a p a c i t y  of t h e  
t y p i c a l  s t a g e .  The l i n e s  of cons t an t  p r o p e l l a n t  q u a n t i t y  

=------ -- -.& 
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i n  t h e  s o l i d  co re  r eg ion  on t h e s e  p l o t s  do n o t  ex tend  t o  
h i g h e r  v e l o c i t i e s  because of t h e  b a s i c  l i m i t a t i o n s  of t h e  
s o l i d  c o r e  s t a g e .  N o  matter how b i g  t h e  s t a g e  becomes, it 
can never  supply a one-way AV of g r e a t e r  t han  27 .2  Kf t / sec  
w i t h  t h e  s t a g e  parameters  assumed he re .  Although t h e  gas 
c o r e  system i s  n o t  cons idered  i n  t h e s e  p l o t s ,  t h e  d i v i d i n g  
l i n e  between t h e  s o l i d  core and t h e  gas  c o r e  systems,  as  
w e l l  as t h e  chemica l -so l id  co re  boundary from F igure  4 ,  
are r e t a i n e d  f o r  comparison as dashed and d o t t e d  l i n e s .  

O n  comparison w i t h  F igure  4 ,  Figures  6 and 7 
demonstrate  t h a t  Modes A and B r e s p e c t i v e l y  do ex tend  t h e  
maximum AV over  t h e  s t a n d a r d  mode. 
shown f o r  Mode B.  
c a b l e  t o  low c i r c u l a r  l u n a r  o r b i t  and zero-plane change 
synchronous o r b i t  miss ions  f o r  payloads of up t o  30 Klb 
d e l i v e r e d  ( p l u s  20 Klb r o u n d - t r i p ) .  I n  f a c t ,  i t s  r eg ion  
of a p p l i c a b i l i t y  ex tends  beyond t h a t  of t h e  s o l i d  c o r e  
r e g i o n  a t  h igh  A V ' s  and small payloads.  

A l a r g e  advantage i s  
Mode B makes t h e  chemical system a p p l i -  

One should  n o t e  f r o m  F igu res  6 and 7 t h a t  t h e  
chemical  system, p a r t i c u l a r l y  i n  Mode B ,  has  been extended 
t o  l a r g e r  t o t a l  p r o p e l l a n t  loadings  as w e l l  as t o  l a r g e r  
one-way A V ' s  by t h e  u s e  of t h e  s t a g e d  modes. However, one 
must d i v i d e  by two and t h r e e  r e s p e c t i v e l y  t o  determine t h e  
p r o p e l l a n t  l oad ing  of t h e  t y p i c a l  s t a g e  i n  Modes A and B.  
With t h i s  f a c t  i n  mind, one can see t h a t  w i th  t h e  2 0  Klb 
round- t r ip  payload requirement ,  t h e  maximum a p p l i c a b l e  
chemical  s t a g e  p r o p e l l a n t  c a p a c i t i e s  a r e  about  80 Klb i n  
t h e  S tandard  Mode, 60 Klb i n  Mode A ,  and 180  Klb i n  Mode 
B. A t  g r e a t e r  p r o p e l l a n t  loadings than  th ree  t i m e s  t h e  
Mode B f i g u r e  above, t h e  nuc lea r  systems are more economi- 
c a l  i n  t e r m s  of p r o p e l l a n t  usage because of t h e i r  h i g h e r  
s p e c i f i c  impulse and t h e i r  improved p r o p e l l a n t  mass f r a c t i o n  
a t  l a r g e  p r o p e l l a n t  loadings .  

' F i g u r e  8 c o n t a i n s  reg ions  of l e a s t  p r o p e l l a n t  
usage f o r  a l l  t h r e e  systems. The chemical and s o l i d  core 
systems o p e r a t e  i n  Mode A,  whi le  t h e  gas  core system o p e r a t e s  
i n  t h e  S tandard  Mode. A s  i n  F igures  4 ,  6 ,  and 7 ,  20 Klb of 
payload i s  c a r r i e d  round- t r ip  i n  a d d i t i o n  t o  t h e  d i s c r e t i o n -  
a r y  d e l i v e r e d  payload i n d i c a t e d  by t h e  v e r t i c a l  scale. The 
t w o  boundary l i n e s  s e p a r a t i n g  t h e  t h r e e  r eg ions  i n  F igu re  4 
are r e t a i n e d  f o r  comparison as dashed and d o t t e d  l i n e s .  
N o t e  t h a t  t h e  r eg ion  i n  which t h e  s o l i d  c o r e  uses  t h e  
l eas t  f u e l  i s  much s m a l l e r  than it i s  i n  F igu re  4 .  U s e  
of Mode A by t h e  s o l i d  core system does n o t  i n c r e a s e  t h e  
maximum a p p l i c a b l e  AV a t  which  t h e  s o l i d  core uses  t h e  
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l eas t  f u e l  and reduces t h e  maximum a p p l i c a b l e  payload a t  
s m a l l e r  AV's. Comparison of t h e  chemica l -so l id  core bound- 
a r y  i n  F igu re  8 wi th  t h a t  i n  F igure  6 demonstrates  t h a t  s o l i d  
core use  of Mode A reduces t h e  e f f i c i e n c y  of t h e  s o l i d  core 
system. I n  s h o r t ,  u se  of t h e  s t a g e d  Mode A degrades t h e  
performance of t h e  s o l i d  co re  n u c l e a r  system due t o  t h e  large 
f i x e d  weight  of such s t a g e s .  With s t a g e d  modes, smaller s t a g e s  
a r e  used and t h e  f i x e d  weights account  fo r  a g r e a t e r  f r a c t i o n  
of s t a g e  weight  r e s u l t i n g  i n  lower performance s t a g e s .  

I n  a d d i t i o n  t o  being t h e  only  one of t h e  t h r e e  
systems t h a t  b e n e f i t  f r o m  use of s t a g e d  Modes A and B ,  t h e  
chemical system i s  s u i t a b l e  f o r  d i r e c t  l u n a r  l and ing  miss ions .  
Nuclear  systems on a l u n a r  o r b i t  miss ion  must c a r r y  a chemical 
l u n a r  l and ing  vehicle .  I f  t he  thrus t - to-weight  r a t i o  of a 
chemical s t a g e  i s  n o t  s u f f i c i e n t ,  i t  can be  augmented by 
a d d i t i o n a l  engines  more e a s i l y  than  wi th  n u c l e a r  systems. 
Some a d d i t i o n a l  weight  pena l ty  would a lso be i n c u r r e d  f o r  
l and ing  gea r .  F igure  7 shows t h a t  t h e  r eg ion  of l ea s t  
p r o p e l l a n t  usage by chemical Mode B approaches t h e  21 .5  
Kf t / sec  necessary  f o r  a l una r  l and ing  mission.  

CONCLUSIONS 

Each of t h e  t h r e e  r eusab le  s y s t e m s  cons idered  
here, t h e  hydrogen-oxygen chemical system, t h e  s o l i d  c o r e  
n u c l e a r  system, and t h e  gas  core  n u c l e a r  system, has  a pay- 
load  - AV r eg ion  of m i n i m u m  p r o p e l l a n t  consumption. As 
might w e l l  be expected,  t h e  r eg ions  of least  f u e l  consump- 
t i o n  are ordered ,  chemical - s o l i d  core - gas core a s  one 
goes f r o m  l o w  payloads and/or v e l o c i t i e s  t o  h igh  payloads 
and/or v e l o c i t i e s .  

Low c i r c u l a r  l u n a r  o r b i t  miss ions ,  no plane-  
change synchronous E a r t h  o r b i t  m i s s i o n s ,  and t r a n s p l a n e t a r y  
i n j e c t i o n  miss ions  t o  t h e  near  p l a n e t s  a t  f a v o r a b l e  oppor- 
t u n i t i e s  have s imi l a r  AV requirements .  For placement of 
small payloads t h e  chemical s y s t e m  i n  t h e  r e u s a b l e  mode 
i s  marg ina l ly  s u i t a b l e .  I n  t h e  d i s p o s a b l e  mode, it is 
s u i t a b l e  f o r  placement of payloads of up t o  abou t  30  Klb. 
The maximum s i z e  f o r  which t h e  chemical system i s  most 
economical i s  about  1 0 0  Klb of p r o p e l l a n t  c a p a c i t y .  
T h e  m o s t  economical s o l i d  core  n u c l e a r  system s t a g e  
s i z e  ranges  between about  1 0 0  and 250 Klb of p r o p e l l a n t  
c a p a c i t y .  The payloads a p p l i c a b l e  t o  t h e  RNS are, of 
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cour se ,  much Larger (up t o  t h e  o r d e r  of 1 3 0  Klb d e l i v e r e d  o r  
50  Klb c a r r i e d  round- t r ip )  than t h o s e  a p p l i c a b l e  t o  t h e  
chemical system. For miss ions  r e q u i r i n g  s t i l l  l a r g e r  pay- 
loads  and/or ve loc i t ies ,  gas  core systems use  t h e  least  
p r o p e l l a n t .  

I t  should  be noted t h a t  as one goes t o  l a r g e r  
payloads and cor respondingly  l a r g e r  p r o p e l l a n t  c a p a c i t i e s  
w i th  n u c l e a r  systems,  t h e  amount of p r o p e l l a n t  r e q u i r e d  t o  
d e l i v e r  a pound of payload t o  a g iven  AV goes down. For  
chemical systems,  however, t h e  amount of p r o p e l l a n t  re- 
q u i r e d  p e r  pound of payload i s  c o n s t a n t  due t o  t h e  s c a l i n g  
l a w  assumed ( t h a t  is ,  z e r o  f i x e d  weight  i n  Equat ion (1) ) . 

Staged  Modes A and B can  be used t o  move sma l l  
payloads  t o  h i g h e r  v e l o c i t i e s  than p o s s i b l e  wi th  a s i n g l e  
s t a g e  chemical  system. Nuclear systems do n o t  b e n e f i t  
f r o m  u s e  of t h e  s t a g e d  modes because of t h e  l a r g e  f i x e d  
weights  i n  t h e i r  s c a l i n g  laws. 

The range  of p r o p e l l a n t  c a p a c i t i e s  sugges ted  by 
t h i s  memorandum can  be compared w i t h  s o m e  p r o p e l l a n t  capa- 
c i t i es  of systems t h a t  a r e  being cons idered .  A space  t u g  
wi th  a p r o p e l l a n t  c a p a c i t i e s  of about  4 4  Klb, i s  w e l l  w i t h i n  
t h e  maximum a p p l i c a b l e  capac i ty  of about  1 0 0  K l b  f o r  chemical 
systems.  An SIVB which could  be modified f o r  u s e  a s  a re- 
u s a b l e  in-space s t a g e  has  a p r o p e l l a n t  c a p a c i t y  of 2 3 3  Klb. 
Th i s  f a l l s  o u t s i d e  t h e  a p p l i c a b l e  r eg ion  f o r  chemical  sys-  
t e m s  used i n  t h e  S tandard  Mode. The assumed gas  c o r e  sys-  
t e m  c h a r a c t e r i s t i c s ,  i n  comparison w i t h  t h e  s o l i d  core 
characteristics, sugges t  a maximum s o l i d  core RNS p r o p e l l a n t  
c a p a c i t y  of 250  Klb, which compares wi th  p r e s e n t l y  proposed 
c a p a c i t i e s  near 300 Klb. T h i s  d isagreement  i n  c a p a c i t y  i s  
academic because t h e  gas co re - so l id  c o r e  boundary is based 
on poor ly  de f ined  gas  co re  system c h a r a c t e r i s t i c s  ( i . e . ,  t h e  
gas  c o r e  system i s  no more than a c o n c e p t ) .  

Each of t h e  t h r e e  s y s t e m s  cons idered  h e r e  has  
been shown t o  have a s u i t a b l e  role i n  t h e  spectrum of 
-: --: --- ----: anvna 
1 1 I I J J I L J A I J  LUIIJ&UG&LU. 
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